Abstract: ASD involves a fundamental impairment in processing social-communicative information from faces. Several recent studies have challenged earlier findings that individuals with autism spectrum disorder (ASD) have no activation of the fusiform gyrus (fusiform face area, FFA) when viewing faces. In this study, we examined activation to faces in the broader network of face-processing modules that comprise what is known as the social brain. Using 3T functional resonance imaging, we measured BOLD signal changes in 10 ASD subjects and 7 healthy controls passively viewing nonemotional faces. We replicated our original findings of significant activation of face identity-processing areas (FFA and inferior occipital gyrus, IOG) in ASD. However, in addition, we identified hypoactivation in a more widely distributed network of brain areas involved in face processing [including the right amygdala, inferior frontal cortex (IFC), superior temporal sulcus (STS), and face-related somatosensory and premotor cortex]. In ASD, we found functional correlations between a subgroup of areas in the social brain that belong to the mirror neuron system (IFC, STS) and other face-processing areas. The severity of the social symptoms measured by the Autism Diagnostic Observation Schedule was correlated with the right IFC cortical thickness and with functional activation in that area. When viewing faces, adults with ASD show atypical patterns of activation in regions forming the broader face-processing network and social brain, outside the core FFA and IOG regions. These patterns suggest that areas belonging to the mirror neuron system are involved in the face-processing disturbances in ASD. Hum Brain Mapp 28: [441][442][443][444][445][446][447][448][449] 2007. V V C 2006 Wiley-Liss, Inc.
INTRODUCTION
Autism spectrum disorder (ASD) is a behaviorally defined neurodevelopmental disorder affecting as many as 1 in 166 children [Fombonne, 2003] . Defining features of ASD include mild to severe qualitative impairment in communicative abilities and in reciprocal interactions as well as repetitive and stereotyped behaviors. Among the most characteristic socialcommunicative impairments in ASD is a failure to use infor-mation from faces, such as eye gaze, facial expression, and facial speech, to regulate social interaction [Lord et al., 1994 [Lord et al., , 2000 American Psychiatric Association, 2000] .
Face perception is mediated by a distributed neural system [for reviews, see Haxby et al., 2000; Johnson, 2005] . The faceprocessing network is involved in face identification [fusiform face area (FFA), inferior occipital gyrus (IOG)], gaze perception [superior temporal sulcus (STS)], and emotion evaluation of facial expression [amygdala, insula, limbic system, sensorimotor cortex, inferior frontal cortex (IFC)] de Gelder et al., 2003; Johnson, 2005] . Several areas involved in face processing (IFC, STS) also belong to the mirror neuron system (MNS) and/or the ''social brain'' (STS, amygdala) [Brothers, 1990] . The MNS generates internal representations of actions performed either by the subject or by another person [Gallese et al., 2004] . It has been hypothesized to provide the neural basis of ''mind reading'' and empathy [Gallese, 2003; Leslie et al., 2004] and may play an important role in autistic social deficits [Williams et al., 2001 [Williams et al., , 2005 Dapretto et al., 2006; Hadjikhani et al., 2006] .
Initial fMRI studies [Schultz et al., 2000; Pierce et al., 2001 ] described a lack of FFA activation in response to emotionally neutral faces in individuals with ASD. However, unlike patients with fusiform gyrus damage, individuals with ASD are generally not prosopagnosic, and their face-processing deficits appear to be more complex than those that would be entailed by a basic deficit in face identification. Several recent studies have shown that visual scanning of faces is abnormal in individuals with autism and characterized by a tendency to look less at the inner features of the face, particularly the eyes [Klin et al., 2002; Pelphrey et al., 2002; Dalton et al., 2005 ; but see van der Geest et al., 2002] . Not looking at the eye region can have profound behavioral consequences, as recently underlined by Adolphs et al. [2005;  see also Pelphrey et al., 2002 Pelphrey et al., , 2004a Dalton et al., 2005] . It may be that in studies that failed to find FFA activation, subjects were not adequately inspecting areas of the face that are critical for face identification and discrimination.
A number of recent studies have demonstrated FFA activation in ASD subjects [Aylward et al., 2004; Hadjikhani et al., 2004; Pierce et al., 2004; Dalton et al., 2005] . In our initial study, we found that ASD subjects had significant activation in the FFA when continuously cued to attend to the eye region (with a central fixation cross). Furthermore, ASD subjects showed the same differential pattern of activation in the ventral temporal cortex to faces (lateral fusiform/FFA) compared to nonface objects (medial fusiform) as did normal controls, contradicting the claim that autistic individuals use mechanisms associated with basic-level object recognition to discriminate among faces [Schultz et al., 2000] . We concluded from our first study that face-processing deficiencies in autism could not be reduced to dysfunction of the FFA and suggested that abnormalities had to be sought at other nodes in the face-processing system.
In our earlier study, analysis was limited by a slice prescription that only covered the posterior third of the brain. In the present study, we reapplied our stimulus paradigm to a new group of subjects with ASD (one participant, subject 8, also took part in our first study) in order to assess the replicability of our previous finding of significant activation in the FFA. Furthermore, we extended our observations to the entire brain in order to assess ASD-specific abnormalities across all of the neural circuitry involved in face processing [Haxby et al., 2000 [Haxby et al., , 2002 Ishai et al., 2005] , including the IOG, STS, IFC, the somatosensory cortex (S1), the premotor cortex (PM), and the amygdala. Based on our previous finding of cortical thinning of the MNS in ASD [Hadjikhani et al., 2006] as well as other findings of activation of MNS areas in passive viewing of faces in healthy subjects [Kesler-West et al., 2001; Ishai et al., 2004 Ishai et al., , 2005 , we were particularly interested in examining the pattern of activation in MNS areas (IFC, STS) and their role in modulating other areas of the face-processing network. Toward the latter goal, we conducted exploratory correlational analyses to assess patterns of coactivation across brain areas in response to face stimuli. Finally, we examined associations between brain activation to faces and autism symptom severity in the social domain.
MATERIALS AND METHODS

Participants
The Massachusetts General Hospital Human Studies Committee and the Boston University Internal Review Board approved all procedures under protocol 2002P-000228 and BU H22800. After complete description of the study to the subjects, written informed consent was obtained. Ten adult highfunctioning (IQ: 124 6 10) ASD subjects (eight male; mean age, 34 6 11 years) and seven healthy controls (four male; mean age, 35 6 12 years) participated in the study [WASI, 1999] . Functional data from one ASD participant was discarded because of excessive motion artifacts. The ASD participants were diagnosed with autism (six subjects), Asperger disorder (three subjects), or pervasive developmental disorder not otherwise specified (one subject) by an experienced clinician on the basis of their current presentation and developmental history. The diagnoses were confirmed using the Autism Diagnostic Interview-Revised (ADI-R) [Lord et al., 1994] and the Autism Diagnostic Observation Schedule (ADOS; Table I) [Lord et al., 2000] .
Imaging Data
Anatomical and functional MR images of brain activity were collected in a 3T high-speed echoplanar-imaging device (Trio; Siemens, Erlangen, Germany) using a quadrature head coil. Subjects lay on a padded scanner couch in a dimly illuminated room and wore foam earplugs. Foam padding stabilized the head. Two high-resolution (1.0 Â 1.0 Â 1.3 mm) structural images were obtained with a magnetization-prepared rapid acquisition with gradient echoes (MP-RAGE) sequence [128 slices; 256 Â 256 matrix; echo time (TE) ¼ 3.34 ms; repetition time (TR) ¼ 2,000 ms; flip ¼ 78]. MR images of brain activity were then collected. Functional sessions began with an initial sagittal localizer scan, followed by autoshimming to maximize field homogeneity. Slices were automatically positioned using an online 3D localizer [van der Kouwe et al., 2005] . To register functional data to the high-resolution T1, a set of high-resolution (40 slices; AC-PC; 1.5 Â 1.5 mm in-plane no skip) inversion time T1-weighted echo-planar images (TE ¼ 39 ms; TI ¼ 1,200 ms; TR ¼ 9,840 ms) was acquired. The coregistered functional series (TR ¼ 3,000 ms; 40 AC-PC slices; 3 mm thick; 3.125 mm Â 3.125 mm in plane resolution; 128 images per slice; TE ¼ 30 ms; flip angle ¼ 908; matrix ¼ 64 Â 64) lasted 384 s.
The stimuli were the same as those used in our previous studies [Hadjikhani and de Gelder, 2002; Hadjikhani et al., 2004] and consisted of 64 different gray-scale pictures of faces and their own Fourier scrambled version in an AB-blocked presentation, with 24-s epochs for each stimulus type. Each stimulus had a red fixation cross in the center, corresponding to the eyes level, and was contained within a circle 480 pixels in diameter to control for retinotopic differences. Each stimulus was presented for 1,800 ms followed by a blank interval of 200 ms. As in our initial study, participants passively watched the stimuli. They were instructed to fixate the red cross at the center of each visual stimulus throughout the period of scan acquisition in order to maximize their attention to the eye region of the face.
Data Analysis
Anatomical data
The two MP-RAGE scans were motion-corrected and averaged to create a single image volume with high contrast-tonoise. Brain surfaces were reconstructed and inflated as described previously [Dale et al., 1999; Fischl et al., 1999a] . Cortical thickness measurements were obtained by reconstructing the gray/white matter boundary [Dale and Sereno, 1993; Dale et al., 1999; Fischl et al., 1999a] and the cortical surface. The distance between these two surfaces was calculated individually at each point across the cortical mantle (representing a total of * 147,000 vertices in each individual). Because the two groups were not strictly matched on number and sex, we did not perform between-group analyses of cortical thickness.
Functional data
The techniques used in our analysis were similar to those described in Hadjikhani et al. [2004] . Each functional run was first motion-corrected with AFNI [Cox, 1996] and spatially smoothed using a three-dimensional Gaussian filter with full width at half maximum of 6 mm. The mean offset and linear drift were estimated and removed from each voxel. The spectrum of the remaining signal was computed using a fast Fourier transform at each voxel. The task-related component was estimated as the spectral component at the task fundamental frequency. The noise was estimated by summing the remaining spectral components after removing the task harmonics and those components immediately adjacent to the fundamental. The phase at the fundamental was used to determine whether the BOLD signal was increasing in response to the first stimulus (positive phase) or the second stimulus (negative phase).
Signal drift occurred during the scanning in two ASD subjects (subjects 6 and 10). This did not affect the computation of the phase at the fundamental and the subsequent group map modeling. However, data for these two subjects could not be included in the time course and correlation analyses. Each participant's fMRI scan was registered to a high-resolution T1. The results of the individual per-voxel analysis were resampled onto a tessellated cortical representation of each hemisphere, which was aligned with a template sphere. The techniques for mapping between an individual volume and this spherical space are detailed by Fischl et al. [1999b] . The T1 volume was also registered to the MNI305 Talairach brain and the results of the individual analysis were resampled into this volume-based space. Group average significance maps for the cortical surface and for the volume were computed using GLM analyses to perform random-effect averages of the real and imaginary components of the signal across subjects on a per-vertex and per-voxel basis. Cross-subject variance was computed as the variance pooled across the real and imaginary components. Significance of the average activation was determined using an F-statistic and mapped from the standard sphere to a target individual's cortical surface [Fischl et al., 1999b] . Maps were visualized on this individual's surface geometry, overlaying a group curvature pattern averaged in spherically morphed space [Fischl et al., 1999b] .
ROI analyses
Regions of interest (ROIs) were defined by anatomical and functional constraints. The anatomical constraints were specified by labels corresponding to the areas produced by automatic cortical parcellation [Fischl et al., 2004] . For the functional constraints, we used FFA and ROI labels independently defined in previous studies [Hadjikhani et al., 2004] . For the other ROIs, located in the right S1, PM, IFC, and STS, voxels with a functional significance level of P 0.05 in the normal control (NC) spherical-space group average were selected. ROIs created on a standard brain were mapped back to each individual subject using spherical morphing to find homologous regions across subjects, and time courses were extracted. For each group, an unpaired two-tailed t-test was computed between BOLD signal levels at each time point during face and scrambled face presentation. For the comparison between groups, average level of activation was computed for each subject, and unpaired t-test with Welch's correction was used to take into account the variance of the data.
Correlation analyses
Spearman rank correlation coefficients were computed to examine associations between ADOS social score and cortical thickness in the ROIs, between ADOS social score and level of activation in the ROIs, and between the ROIs in each group.
RESULTS
We first analyzed patterns of activation across conditions within each group and then compared results between the two groups. All nine individuals with ASD showed bilateral Location of random-effect average activation for faces in the right hemisphere in normal controls (A and B) and in ASD (C and D). In A and C, the hemispheres have been inflated in order to show the sulci (darker shade of gray) and the gyri (lighter shade of gray). In the right hemisphere of the NC group, activation can be seen in the lateral superior and inferior occipital cortex. In addition, activation is seen in the STS, as well as in S1 and PM, at the level of face representation, and in IFC. These areas were weakly or not activated in the left hemisphere in NC group, and in either hemisphere in the ASD group. The areas of ''missing'' (S1, PM) or diminished (IFC, STS) activation in the ASD group correspond to areas where we previously described a thinning of the cortex in another group of subjects, shown in E [Hadjikhani et al., 2006] . (Fig. 1) .
Two-tailed unpaired t-tests between BOLD response levels in the FFA and the IOG showed significant bilateral activation for faces versus scrambled faces in both groups. Although the activation to faces was somewhat stronger in the control group, the difference was not statistically significant (Fig. 3A) .
Beyond the FFA and the IOG, consistent with previous imaging studies of healthy subjects, differential activation for faces was found in the right hemisphere of the NC group but not in the ASD random-average group in the STS, S1, PM, IFC, and the amygdala (Fig. 2) . Direct between-group comparisons of each ROI confirmed these findings. In both ASD and NC, little activation was present in the left hemisphere, except for the left amygdala, which was activated equally in both groups. The right lateralization of the activations is consistent with prior evidence of right hemisphere dominance for facial processing [Blonder et al., 1991; Adolphs et al., 2000; Leslie et al., 2004] .
Moreover, areas that were activated in NC in response to faces overlapped with areas of cortical thinning in ASD reported in a previous study of an independent sample of ASD subjects (Fig. 2E) [Hadjikhani et al., 2006] .
Replicating our previous correlational findings in another group of ASD participants, social symptom severity in the ASD group was inversely related with cortical thickness of the right IFC (r ¼ À0.85; P ¼ 0.02; Fig. 4) , the left IOG (r ¼ À0.79; P ¼ 0.05), and the right IOG (r ¼ 0.96; P ¼ 0.003). Cortical thickness in these ROIs was neither correlated with age (P > 0.3) nor with IQ (P > 0.3). In addition, ADOS social score was correlated with functional activation in the right IFC (r ¼ 0.82; P ¼ 0.03).
The IFC is a region of the MNS that may play an important role in emotion understanding and empathy. We hypothesized that the level of activity in the MNS might modulate the activity of other face-processing areas. Using correlational analyses, we examined the contribution of the MNS areas, the IFC and the STS, to activity in the other regions of the faceprocessing system (Table II) . In the ASD group, there was a significant relationship between activation in the IFC and other parts of the face-processing network. The signal change in the IFC positively correlated with the signal change bilaterally in the FFA and the right PM (FFA rh, r ¼ 0.86, P ¼ 0.02; FFA lh, r ¼ 0.96, P ¼ 0.003; PM, r ¼ 0.82, P ¼ 0.03). Correlations between the IFC and the other parts of the face-processing network were not found in the NC group. In the STS, activation was also positively correlated with other face-processing areas (FFA rh, r ¼ 0.82, P ¼ 0.03; FFA lh, r ¼ 0.82, P ¼ 0.003; PM, r ¼ 0.82, P ¼ 0.03) as well as with the amygdala (amygdala rh, r ¼ 0.89, P ¼ 0.012; amygdala lh, r ¼ 0.95, P ¼ 0.003) in the ASD subjects. In the NC group, the STS was only correlated with the left FFA (r ¼ 0.86; P ¼ 0.024) and the left IOG (r ¼ 0.89; P ¼ 0.01).
DISCUSSION
Similarities Between ASD and NC
In this study, using the same stimuli as in our previous investigation of an independent group of ASD subjects and normal controls, we replicated our initial observation of signif- Figure 3 . BOLD signal change in areas of the face-processing network in subjects with ASD and healthy controls. A shows activation in the FFA and IOG, and B in the S1, PM, STS, IRF, and amygdala. Note the difference in scale between panels. FFA and IOG are significantly activated in both groups (P < 0.0001). There is no significant difference between ASD and NC in FFA (rh: t ¼ 1.5, df ¼ 11, P ¼ 0.16; lh: t ¼ 0.9, df ¼ 10, P ¼ 0.41) or in IOG (rh:
There is a significant activation for faces in the NC group in right S1 (t ¼ 3.5, df ¼ 782, P < 0.001), right PM (t ¼ 6.9, df ¼ 782, P < 0.0001), right STS (t ¼ 3.8, df ¼ 782, P < 0.001), right IFC (t ¼ 6.2, df ¼ 782, P < 0.0001), right amygdala (t ¼ 2.1, df ¼ 782, P < 0.05), and left amygdala (t ¼ 5.4, df ¼ 782, P < 0.0001). In the ASD group, significant activation is only found in IFC (t ¼ 3.1; df ¼ 782; P < 0.01) and in the left amygdala (t ¼ 3.1; df ¼ 782; P < 0.01). A one-tailed Mann-Whitney test between groups showed close to significant difference between groups in S1 (P ¼ 0.082) and significant difference in PM (P ¼ 0.036), STS (P ¼ 0.009), IFC (P ¼ 0.036), and right amygdala (P ¼ 0.049). icant FFA and IOG activation in ASD for faces. The FFA and IOG are involved in the analysis of the invariant aspect of faces necessary for identity perception [Haxby et al., 2000] . It is therefore not surprising that they are activated in individuals with ASD, who do not exhibit primary deficits in face identification and recognition. As reported previously [Hadjikhani et al., 2006] , we found a correlation between IOG cortical thickness and symptom severity, but not with level of activation. The precise role of IOG in face perception needs to be further examined [Rossion et al., 2003; Rotshtein et al., 2005; Bouvier and Engel, 2006] .
Differences Between ASD and NC
In the NC group, we observed additional differential activation in areas belonging to the face perception network, including areas of the MNS (IFC, STS) as well as the amygdala, S1, and PM [Haxby et al., 2000; de Gelder et al., 2003; Ishai et al., 2004; Johnson, 2005] . Although the face stimuli used in our study were not emotional faces, they elicited activation in areas normally associated with emotion perception. Most studies of face perception have compared emotional and neutral faces and have observed modulation of specific face-processing areas by emotion. However, several studies comparing neutral faces with scrambled faces in humans and monkeys have reported, similar to our present findings, activation in the STS, IFC, PM, and amygdala [Kesler-West et al., 2001; Ishai et al., 2004 Ishai et al., , 2005 . We can conclude from these findings that while emotional faces modulate the network that participates in face perception, the mere percept of a face is sufficient to engage areas of the network involved in processing social and emotional cues.
Influence of Amygdala on Face-Processing Network
A correlation between amygdala activation and FFA has been described for emotion perception in healthy subjects [Morris et al., 1998; Iidaka et al., 2001] and in ASD subjects [Dalton et al., 2005] . The left amygdala has been associated with the processing of negative expression [Iidaka et al., 2001] , whereas the right amygdala seems to be more involved with face processing in general, regardless of emotional valence [Iidaka et al., 2001; Golarai et al., 2004] . In the NC group, activation in the right amygdala was correlated with the left FFA. In the ASD group, activation in the left amygdala was correlated with the FFA bilaterally, as described previously [Dalton et al., 2005] , as well as with the premotor cortex. In addition, in the ASD subjects, activation in the right and the left amygdala was correlated with activation in the right STS. The amygdala is important in directing fixation toward the eyes, as recently demonstrated in a patient suffering from early amygdala damage [Adolphs et al., 2005] , and it is involved in processing information about the eye region of the face Morris et al., 2002; Johnson, 2005] . In the monkey, the amygdala is directly connected with the homologoue of STS, area TEO [Aggleton et al., 1980] ception of direct gaze increases the correlation between amygdala activity and cortical face-processing areas in healthy individuals [George et al., 2001] , and a primary deficit in amygdala activation could at least partly explain gaze processing deficits in ASD subjects, as has already been suggested [Baron-Cohen et al., 1999 .
Face-Processing, Mirror Neuron System, and Social Perceptual Network
The perception of faces involves areas of the social perceptual network, including the MNS, comprising the somatosensory, motor, and premotor cortices, IFC, STS, and the amygdala, suggesting that we see other people and understand their feelings through a mechanism of action representation. This is further illustrated by the large degree of overlap between the neural substrates of emotion perception and emotional experience [Adolphs et al., 1994] and the fact that lesions of the somatosensory cortex impair face emotion recognition [Adolphs et al., 2000] . Passive viewing of unseen (masked) emotional faces is sufficient to induce unconscious mimicry as measured by EMG in healthy controls [Dimberg et al., 2000] . Evidence from studies using neutral faces shows that viewing of faces automatically activates mirroring mechanisms including the IFC, PM, and STS, and that the presence of an emotional expression modulates this activation [Ishai et al., 2005] .
The STS mediates the perception of gaze, a function that is known to be deficient in ASD. Our finding of hypoactivation of the STS in individuals with ASD is consistent with evidence of abnormal processing of eye gaze in autism [Baron-Cohen et al., 1997; Leekam et al., 1998; Pelphrey et al., 2005] . The right STS is preferentially involved in processing of social information conveyed by shifts in eye gaze [Pelphrey et al., 2004b] . Deficits of activation of STS in ASD have been found in a variety of tasks involving attribution of intentions on the basis of shifts of gaze, body movements, or geometric figures movement [Baron-Cohen et al., 1999; Castelli et al., 2002; Mosconi et al., 2005; Pelphrey et al., 2005] . Our finding of hypoactivation in the right STS of ASD is also consistent with findings of volumetric differences [Boddaert et al., 2004] of STS in children with ASD.
The MNS, by simulating the observed action or emotion, has been proposed as a key neural substrate for emotion understanding and empathy [Preston and de Waal, 2002; Gallese, 2003; Gallese et al., 2004; Leslie et al., 2004] . The IFC is the homologue of area F5 of the monkey, where the first mirror neurons were described [Rizzolatti et al., 2001] . Abnormal functioning of the MNS has been hypothesized to be at the basis of some of the social deficits in autism [Williams et al., 2001 [Williams et al., , 2005 Oberman et al., 2005] , and our and other recent findings point to an anatomical and functional abnormality in the MNS of ASD subjects [Dapretto et al., 2006; Hadjikhani et al., 2006; Theoret et al., 2005] . Strong correlations were found between the IFC and the STS with other areas of the face-processing network (amygdala, FFA, PM). Although these correlations are not informative with regard to direction of causation, they do support the possibility that face processing is modulated by the MNS, and that face-processing deficits in ASD may result from MNS dysfunction. Interestingly, and in line with our present results, recent work by Dapretto et al. [2006] has demonstrated robust fusiform activation but significantly lower activity in the right IFC during passive observation of emotional faces in children with ASD. In addition, these authors report a correlation between social symptom severity and IFC activation during imitation of facial expression.
The finding that activation across different brain regions was not correlated in the NC groups is likely to reflect the restricted range of variance in levels of activation. In contrast, paralleling the differences in symptom severity within the ASD group, variable activation of the face-processing network in ASD helped to reveal functional connections among brain regions.
Our findings may help to reconcile conflicting reports regarding activation in the face-processing network of individuals with autism. In both of our studies, we examined highfunctioning individuals and found robust FFA activation. However, here we report that more subtle deficits can be observed in the social brain of these high-functioning subjects, and that activity in the MNS may modulate face processing. Future research using magnetoencephalography to examine the timing of activations within these different areas may cast light on their individual contributions as well as provide potential causal information based on where the sequence of activation breaks down or diverges from normal.
Our findings show that while robust activation can be found in areas involved in face identification in ASD, hypoactivation is present in other areas of the network forming the broader face perception system. Areas of the social brain, crucial for emotional and communicative competence, including the STS, IFC, S1, and PM, as well as the amygdala, show evidence of anatomical [Hadjikhani et al., 2006] and functional abnormalities. These findings point toward a deficiency in the MNS and the somatic marker network [Damasio, 1999] , which is likely to play an important role in processing information from people's faces. This hypothesis is further supported by the association that was found between symptom severity and cortical thinning of the IFC, implicating again the MNS in the social competence of individuals with ASD.
